Within the premises of the flux-oriented theory of Crabtree & Newsholme [(1987) Biochem. J. 247,[113][114][115][116][117][118][119][120], I have used a graph-theoretic approach for calculating the Control Coefficients of metabolic pathways. It is shown that a directed graph representing the control structure of a metabolic pathway can be constructed in a heuristic manner directly from the reaction diagram of the pathway, without the necessity of writing down the governing equations for the Control Coefficients. The Control Coefficients are derived from an analysis of the topology of the directed graph. The graphtheoretic approach also provides a visual framework for analysing the functional relationships of the individual enzymes. The control structures of the following pathways are examined here: (a) a simple unbranched pathway with four enzymes, (b) a simple branched pathway with three enzymes, and (c) a branched pathway with both carbon and energy (ATP) fluxes.
INTRODUCTION
Metabolic pathways in microbial cells consist of a labyrinth of enzyme-catalysed reactions that transform substrates into products. In a metabolic pathway there are certain key enzymes that control and regulate the fluxes through the different branches and the concentrations of the various metabolites. A study of the regulatory behaviour of these enzymes is of fundamental importance for developing an understanding of the overall metabolism. In order to analyse the control properties of the enzymes in a quantitative manner, three theoretical approaches, known as Biochemical Systems Theory, Flux-Oriented Theory and Metabolic Control Theory, have been used by researchers for many years. The Biochemical Systems Theory was postulated by Savageau [1] [2] [3] [4] [5] , the Flux-Oriented Theory was developed by Crabtree & Newsholme [6] [7] [8] and the Metabolic Control Theory was proposed by Kacser & Burns [9] and Heinrich & Rapoport [10] . Several similarities and differences among these theories have been recently pointed out by Savageau et al. [I 1,12] , Sorribas & Savageau [13, 14] and Cascante et al. [15, 16] , among others. The primary objective of the Metabolic Control Theory and the Flux-Oriented Theory is to determine the sensitivities of metabolic fluxes and concentrations to variations in enzymic activity in the steady state, whereas the Biochemical Systems Theory, by virtue of its time-dependent formulation, can be used for analysing the steady-state response and the dynamic behaviour of metabolic pathways. A convenient way of expressing the sensitivities of fluxes or concentrations is to use the notion of the so-called Control Coefficients. The Control Coefficient of an enzyme with respect to a flux (or a concentration) is defined as the fractional change in flux (or concentration) in response to a fractional change in enzyme activity. The Control Coefficients are customarily expressed in terms of enzymic parameters that are referred to as Elasticity Coefficients in the Metabolic Control Theory, Intrinsic Sensitivities in the Flux-Oriented Theory and Apparent Kinetic Orders in the Biochemical Systems Theory. The enzymic parameters measure the relative variation in the rate of reaction catalysed by an enzyme with respect to a relative variation in concentration of a metabolite. By examining the Control Coefficients of the enzymes in a given pathway, it is possible to determine the specific enzymes that are most effective in regulating the systemic behaviour of the pathway. A knowledge of these Control Coefficients can be valuable from a biotechnological point of view, in developing optimal operating strategies for microbial fermentation processes. In particular, knowing the relative magnitudes of the Control Coefficients of the various enzymes in a pathway, one can identify those enzymes whose properties should be altered by mutation or genetic engineering techniques in order to maximize the concentration of a particular metabolite or the flux through a particular segment of the pathway, leading to overproduction. In pharmaceutical applications, the Control Coefficients can be used effectively for identifying the target enzymes for which it would be desirable to design site-directed drugs.
A number of methods have been proposed in the literature for calculating the Control Coefficients of metabolic pathways. Among these methods, the technique using matrix inversion [17] [18] [19] is known to be the most convenient to use. In a recent paper [20] I presented a topological approach, within the framework of Metabolic Control Theory, for calculating the Control Coefficients. In this approach, the control structure of a metabolic pathway is represented by a weighted directed graph, known simply as a digraph. A digraph can be drawn in a heuristic manner from the reaction diagram of the pathway, without the necessity of writing down the governing equations for the Control Coefficients. From the digraph, expressions for the Control Coefficients are derived by using concepts of graph theory. The graph-theoretic approach also provides a visual framework for analysing the cause-effect relationships of the individual enzymes in a given pathway. The purpose of the present paper is to apply this topological approach, within the premises of Flux-Oriented Theory, for the calculation of the Control Coefficients of metabolic pathways.
Several alternative approaches are also available for control analysis of metabolic pathways. These include a diagrammatic technique [21] , a top-down approach [22] , application of signalflow graphs [23, 24] , use of spanning trees [25] and electrical analogue circuits [26, 27] .
In Flux-Oriented Theory, the rate of an enzyme-catalysed reaction is modelled by a power equation of the form [6] : For the present purpose, the control structure of the pathway is represented by a weighted directed graph as follows. First, four nodes are drawn characterizing the relative variation of the flux J and the relative variations of the concentrations of the internal effectors S, I and R (see Fig. 1 
In these diagrams the intrinsic sensitivity of a metabolite with respect to an enzyme is drawn with a broken line pointing from the metabolite to the enzyme, and the effects of the external regulators Wl, W29 W. and W4are designated respectively by E1, E2, E3 and E4. Consider the first reaction. In this reaction note that the intrinsic sensitivity a, which is directed from S to A (or J), points in the reverse (i.e. upstream) direction of the pathway. This intrinsic sensitivity is denoted in Fig. 1 by a directed edge from node S to node J, carrying the weight a. Next we focus our attention on reaction diagram (ii). Here the intrinsic sensitivity y (directed from I to S) also points in the reverse direction of the pathway; this is reoresented in Fig. 1 by an edge of weight y directed from node I to node S. Note, however, that in reaction diagram (ii) the intrinsic sensitivity f8 (directed from S) points in the forward (i.e., downstream) direction of the pathway; this is designated by a self-loop around the node S in Fig. 1 . In general, if ain intrinsic sensitivity in any of the above reaction diagrams is directed from a metabolite X towards a metabolite Y, and points in the reverse (i.e. upstream) direction of the pathway, then it is represented in the digraph by a directed edge from node X to node Y. On the other hand, if an intrinsic sensitivity in the reaction diagrams is directed from a metabolite X and points in the forward direction of the pathway, then a self-loop is attached to the node X in the digraph, carrying a weight equal to the intrinsic sensitivity. By using this convention, the intrinsic sensitivities 4, o-and w in the reaction diagrams (iii) and (iv) are incorporated into the digraph of Fig. 1 . To complete our construction, a source node * is introduced in Fig. 1 , and an edge r r r r is directed from the source node to the nodes J, S, I and R, with weights E1, E2, E3 and E4 respectively, characterizing the effects of the external regulators W1, W2, W3 and W4. From the above digraph, the governing eqns. (6) can be easily derived, if desired. To derive eqn. (6b), for example, consider the node S in the digraph and multiply the weight of every incoming edge of this node by the relative variation of the quantity associated with the node from which the edge originates. (A value of unity is associated with the source node *.) The sum of these products equated to zero leads to eqn. (6b). Eqns. (6a), (6c) and (6d) can be constructed in a similar fashion from a r r r consideration of the nodes J, I and R respectively in Fig. 1 . It is also possible to draw the digraph of Fig. 1 from eqns. (6) . A construction procedure using the matrix formulation of these equations is described in Appendix A.
From the topology of the digraph shown in Fig. 1 , the Control Coefficients can be evaluated with the aid of the formula:
DEi (7) where SF., in general, denotes the Control Coefficient of an enzyme E2 with respect to the concentration of a metabolite or flux F (F = J, S, I or R). The quantity Nr Et is the sum of the signed gains of all one-connections from the source node to node F via the edge of weight Ei, and D is the sum of the signed gains of all connections in the digraph. To familiarize the reader with the present terminology, we first note that a directed path from a node j to a node k consists of a sequence of directed edges that originates at node j and terminates at node k, and no edge passes through any node more than once. A directed circuit is defined as a directed path whose beginning and ending nodes are the same. A connection in the digraph is either a directed circuit or a set of node-disjoint directed circuits (which includes all the nodes) in the subgraph obtained by removing the source node and all its outgoing edges from the digraph. Note that a self-loop around a node is considered as a directed circuit. A one-connection from the source node to a node j in the digraph consists of a directed path from the source node to node j and a set of node-disjoint directed circuits that includes all nodes of the digraph, except those contained in the directed path. The gain of a connection (or a one-connection) is equal to the product of the weights on all the edges, including self-loops, constituting that connection (or oneconnection). A gain is given a positive sign if the number of The procedure of constructing an adjacency matrix and calculating its permanent is described in Appendix B. By adding the signed gains of these connections, we find: (8) Since the quantities a, y and o-represent the intrinsic sensitivities of product inhibition of the enzymes E1, E2and E3 respectively, and are negative, I have written in eqn. (8) a = -a, y = -y and o-= -6, where an overbar indicates the absolute value of the intrinsic sensitivity.
By way of illustration, we first calculate the Flux Control Coefficient SJ . For this purpose we need to find all the oneconnections from the source node to node J in Fig. 1 via the directed edge of weight E1. Notice that there is a directed path r r from the source node to node J consisting of the edge (*, J). There is only one one-connection associated with this directed path, as shown in Fig. 3 . The signed gain of this one-connection is r NJ E = -/,J8( El (9) By using the results from eqns. (8) and (9) in eqn. (7), we obtain:
As another example, the Control Coefficient of, say, the enzyme E1 with respect to the concentration of the metabolite R is derived from the observation that in Fig. 1 there is a oneconnection from the source node to node R via the edge of weight E1 (see Fig. 4 ). This one-connection has a signed gain equal to -,/3E1. Accordingly: SR = /83/(/Raw + ca(6 + aw + ay&)
Finally, suppose that we want to calculate the Control Coefficient of E4 with regard to the concentration of I. Notice that in Fig. 1 there are two one-connections from the source node to node I via the edge of weight E4; these are depicted in Fig. 5 node to node J via the edge of weight E1 (see Fig. 3 ). As indicated above, this one-connection has a signed gain equal to -_8)OE1.
Note also that when a = 0 the digraph of Fig. 1 has only one connection with a signed gain of -l8&(o [see Fig. 2(i) ]. Therefore SJ = 1. It follows that when the first enzyme is free of product inhibition the control of flux through the pathway is governed entirely by this enzyme. It is also apparent in Fig. 1 that if a = 0 there is no directed path from the source node to node I or node R via the edge of weight E2; thus S'2 = SE2 = 0. Furthermore, no directed p4th
exists from the source node to node R via the edge of weight E3; therefore SR = 0. These results indicate that when a = 0 the control of concentration of the last effector R is shared only by the enzymes E1 and E4; the intervening enzymes E2 and E3do not play a regulatory role. The concentration control of the effector I, on the other hand, is governed by the enzymes E1, E3 and E4, with E2 remaining inactive.
Next we examine the effect of y = 0, which corresponds to the enzyme E2 lacking product inhibition. Under this condition the directed edge (I, S) should be deleted from Fig. 1 . Clearly, since no directed path now exists from the source node to any of the Combining all these results the following assertion can be made. In a linear pathway every enzyme located downstream from an enzyme with no product inhibition has a zero sensitivity towards (a) the pathway flux and (b) the concentrations of all internal effectors in the pathway except those effectors that lie between the enzyme under consideration and the enzyme lacking product inhibition. It should be emphasized that these conclusions are reached directly from the digraph shown in Fig. 1 , without the necessity of calculating any of the Control Coefficients. These conclusions have been further confirmed by analysing the control structure of a linear pathway with six enzymes. The digraph of Fig. 1 is also convenient to use for studying the effect of enzyme saturation in pathway (A). Consider, for instance, that the enzyme E2 is saturated, i.e. , = 0. In this case there will be no self-loop around node S in Fig. 1 . Let us examine the control coefficient S'E. Note that in Fig. 1 A digraph characterizing the control structure of this pathway is constructed in the following manner. First we draw three nodes r r r J' J. and J, representing the relative variations of the fluxes J, J. and J,, respectively, and a node S designating the relative variation of concentration of the branch-point metabolite S (see Fig. 6 ). An additional node * (i.e. a source node) is included in this Figure. A self-loop of weight -1 is attached to each of the three flux-nodes. To join the various nodes, we consider the individual reactions at the branch point as shown in the following diagrams:
A. K. Sen r r r of the flux-nodes with weights E1, E2 and E3, as shown in Fig. 6 . Clearly there are three connections in Fig. 6 ; these are portrayed in Fig. 7 . The Control Coefficients of the enzymes are determined from eqn. (7), in which D is now given by the sum of the signed gains of the connections shown in Fig. 7 . We easily find: D = -aJ + a + yJ, = dJ +,dJ. + yJ, -1 Fig. 6 . Digraph of the control structure of pathway (B) (14) with a = -a (a > 0).
Consider, as an example, the calculation of SJ . Note that in Fig. 6 there are two one-connections from the source node to r r node J via the edge of weight E1; these are depicted in Fig. 8 . The sum of the signed gains of these one-connections has the value (/Ja+ Jb)El. Thus we have:
In these diagrams the intrinsic sensitivities a, ,3 and y, which are shown by broken lines, are directed from the branch-point metabolite S to the respective enzymes. To represent these intrinsic sensitivities in Fig. 6 we have drawn directed edges from (15) -(/j + yJb) aJ +j+a +YJ, in agreement with the corresponding result obtained by Crabtree & Newsholme [8] . As a second example, we evaluate S'. In Fig.   6 there is only one one-connection from the source node to node r r S via the edge of weight E3 (see Fig. 9 ); from the signed gain of this one-connection we find: (16) As in the case of the pathway examined in the previous section, the sensitivity of, say, the flux J towards an external regulator can be found by forming the product of the Control Coefficient SJ and the intrinsic sensitivity of E1 with respect to the external regulator.
Next we investigate the cause-effect relationships of the individual enzymes from the digraph shown in Fig. 6 . Consider the situation with a = 0, i.e. the enzyme E1 lacks product inhibition. In view of the fact that in this case there is no directed and E3, we conclude that SJ = = 0. In other words, the flux J has zero sensitivity towards E2 and E3; this result is also intuitively clear. Similarly it can be seen that if,f = 0 then J. has no sensitivity towards E1 and E3. Finally, if y =O then the sensitivity of J,, towards E1 and E2 becomes zero. Note, however, that whether or not a or ft or y is zero, the concentration of the metabolite S remains sensitive to any change in activity of the enzymes E1, E2 and E3.
The graph-theoretic techniques described above can be readily extended when a branched pathway contains two or more enzymes in one (or both) of its branches. A procedure for constructing the digraphs for such pathways is described in Appendix C.
A branched pathway with carbon and energy fluxes
In order to explain some of the basic principles that may be involved in the regulation of glycolysis by ATP and other metabolites, Crabtree & Newsholme [8] A characteristic feature of this pathway is that it contains both carbon and energy fluxes. Each of these fluxes is indicated by a single reaction catalysed by a single enzyme; the symbols m and n represent the fraction of the fluxes J. (of lactate production) and J, (pyruvate oxidation) respectively that are transferred by the corresponding reactions. When m and n are not equal, then a complex feedback process is set up in this pathway as follows.
A change in J. or J,, changes the net yield of ATP by glycolysis, which in turn alters the total rate of glycolysis. The Control Coefficients of the enzymes depend on the fluxes J, J., h4, U and T, the intrinsic sensitivities a, fi, 8 and e (written inside square brackets), the parameter y shown by a broken line (and, of course, m and n). The parameter y is not, in general, an intrinsic sensitivity since it includes interactions of ATP with other regulators of glycolysis such as ADP, AMP and P,; it represents an intrinsic sensitivity to ATP only when the concentrations of these other external regulators remain constant.
Vol. 279 By using the graph-theoretic approach, the Control Coefficients of the various enzymes can be evaluated as follows. The digraph for the control structure is shown in Fig. 10 , which is constructed in the manner described in the previous section. In particular, the relative variations of the fluxes (U, T, J, J. and J,,) and the concentrations (A and P) are designated as nodes; node * is the source node. Here A and P denote the concentrations of ATP and pyruvate respectively. The intrinsic sensitivity a (of E2 to ATP) is represented by a directed edge from node A to node T in Fig. 10 . The other intrinsic sensitivities (and y) are portrayed in this Figure in a similar fashion. The requirement of flux conservation at each of the branch points in the pathway is incorporated in Fig. 10 by using the convention adopted in the previous section. For example, the fluxes at the pyruvate branch point are designated in Fig. 10 by directed edges to node P from r r r the nodes J, J" and J,, with weights J, -Ja and -J, respectively.
Similarly, in view of flux conservation at the ATP branch point, directed edges are drawn from the nodes U, T, J. and J,, to the node A, carrying weights U, -T, mJ. and nJh respectively.
It is not difficult to see that Fig. 10 has six connections; these are shown in Fig. 11 . The number of connections can be established a priori by calculating the permanent of the adjacency matrix associated with the digraph of Fig. 10 (see Appendix B). As usual, the Control Coefficients of the various enzymes are derived from eqn. (7) in which D is given by the sum of the signed gains of the above six connections. We have: D = -JyenJb-fUU4,-ftUeb+ aT8J4 + aTeJ-JJytmJ. (17) which can be re-arranged to:
consistent with the result obtained by Crabtree & Newsholme [8] (see Table 1 of their paper).
I now illustrate the calculation of some of the Control Coefficients. To find SE, for example, notice that in Fig. 10 there are two one-connections from the source node to node J, via the edge of weight E1; these are shown in Fig. 12 . From the sum of the signed gains of these one-connections, we obtain: SE = Uy(&,+EJ,)/D (19) where D has the value according to eqn. (18) . Clearly, in the limiting case when y = 0, eqn. (19) shows that SJ = 0. This may also be deduced by noting that when y = 0 there is no directed path (and therefore no one-connection) from the source node to node J in Fig. 10 (see also Fig. 12 ). The response of the flux J to (c)-1 Fig. 11 . The six connections in the digraph of Fig. 10 an external regulator can be obtained as a product of SJ and the intrinsic sensitivity of E1 towards the external regulator. As a second example, SJ is obtained by observing that in Fig.  10 there are two one-connections from the source node to node r r J via the edge of weight E4; these are displayed in Fig. 13 . From the signed gains of these one-connections, it follows that: SE = (m -n)yeJaJj/D (20) which shows that sensitivity of the flux J with respect to E4 is proportional to the difference (m-n). According to eqn. (20) , SJ = 0 when either y = 0 or e = 0; this is also apparent from the fact that if y = 0 or e = 0 there is no one-connection from the source node to node J in Fig. 10 (see also Fig. 13) .
Finally, suppose that it is desired to find SJ . In Fig. 10 SE = (aT-U,) (8Ja +eJb)/D (21) Consider now the situation when a = 0, i.e. E2 is saturated with ATP, and that U = 0, i.e. all the ATP is derived from J. This may be the case, for instance, in the flight muscles of some insects such as flies and bees [28, 29] . Under these circumstances eqn. (21) shows SJ3 = 0, implying that E3 has no control over the flux J.
However, Crabtree & Newsholme [8] [20] in the context of simplifying the structure of a metabolic pathway by grouping several enzymes together, and is reproduced here for completeness. In the digraph of Fig. 14 , consider a non-source node k that has a self-loop of weight Wkk. We wish to eliminate this node. For this purpose, we examine the following two cases. First, suppose that there are two other nodes i and j, and (i,k) and (k,j) are two directed edges with weights wik and Wkj respectively, which are incident to and from the node k. For each such pair of edges we form a weight cU equal to -wikwkj/wkk. If there are no edges from node i to node j in the digraph, then we introduce a directed edge (i,j) and assign to it the weight ci,. If a directed edge (i,j) is originally present in the digraph with, say, a weight wij, we replace w0 by (w2, + c.1). Finally, we delete all the edge pairs such as (i,k) and (k,j), and remove the node k from the digraph.
Next we consider the case in which there is a pair of directed edges (i,k) and k,i) between the nodes i and k. To eliminate node k from the digraph, we simply attach a self-loop to node i with Vol. 279 a weight cii equal to -w ikwi/Wkk, and delete the edges (i,k) and (k,i) together with the node k. If node i has a pre-existing selfloop with, say, a weight wii, then the weight cii is added to wii; subsequently, the directed edges (i,k) and (kJi) and the node k are deleted from the digraph. When the node to be eliminated does not possess a self-loop, a slightly different method should be used; the interested reader is referred to Coates' original paper [30] for details.
To calculate the Control Coefficients of enzyme E4, we first eliminate the nodes J and T from Figure. The sum of the signed gains of these connections yields the expression for D given by eqn. (18) . As an example, let us evaluate SA . Note that in Fig. 16 there are two directed paths from the source node * to node A. By using the signed gains of the two one-connections associated with these directed paths we find from eqn. (7):
Expressions for SE and SI can be derived from Fig. 16 in a similar manner by examining the one-connections from the source node to node Ja and node P respectively. Of the remaining Control Coefficients of enzyme E4, SE and Sjb may be found from Fig. 14 or Fig. 15 as follows. To And SU for instance, we form the product of the weight of each incoming edge of node U in Fig. 14 or Fig. 15 ; the sum of these products equated to zero yields the relation U = /3A; as a consequence, we have Su = /JSA with SE given by eqn. (22) . Finally, tO calculate SJE and ST we must return to ST= aS = (m -n)aeJaJb/D (23) Similarly, by using the relation SJ = ySA at node J, we find SJ, as given by eqn. (20) above.
CONCLUDING REMARKS
I have used a topological approach for analysing the regulatory behaviour of metabolic pathways. The analysis was carried out within the premises of the Flux-Oriented Theory of Crabtree & Newsholme [8] . It is shown that, by using the topological approach, the Control Coefficients of a metabolic pathway can be calculated from a weighted directed graph representing the control structure of the pathway. A directed graph can be constructed in a heuristic manner directly from the reaction diagram of the pathway without the necessity of writing down the governing equations for the Control Coefficients. In addition, the topological method is found to be very convenient for analysing the cause-effect relationships of the individual enzymes in a given pathway. Three different types of pathways were examined. These are: (a) a simple linear pathway with four enzymes, (b) a simple branched pathway with three enzymes, and (c) a branched pathway with both carbon and energy fluxes. In order to simplify the calculation of the Control Coefficients, a step-by-step node elimination technique is described for simplifying the topology of the directed graphs.
APPENDIX A I show below how a directed graph representing the control structure of a metabolic pathway can be constructed from a matrix formulation of the governing equations. For definiteness, consider the simple linear pathway (A) for which the governing equations are written in the following matrix form: For convenience, the components J, S, I and R of the variables vector are written horizontally above the matrix of intrinsic sensitivities as shown. I refer to them as elements of the row vector.
From eqn. (Al), the digraph of Fig. 1 of the main paper can be formed as follows. First, four nodes are drawn representing r r r r the variables J, S, I and R. Next, an edge is directed from each node representing the variables in the row vector to each node representing the variables in the column vector (J, S, I and R); each of these directed edges carries a weight equal to the corresponding matrix element. For example, the -1 element in the (1,1) position corresponds to a self-loop around the node J, the element a in the (1,2) position is represented by an edge from r r node S to node J, and so on. The zeros in this matrix, of course, lead to no edges in the digraph. Finally, a source node * is introduced, and edges are directed from the source node to the r r r r r r r r variable nodes J, S, I and R with weights E1, E2, E3 and E4 respectively, corresponding to the elements in the last column vector of the left-hand side of eqn. (Al).
APPENDIX B
The adjacency matrix of an n-node directed graph is an n x n matrix H such that H0, = 1 if and only if there is an edge directed from node i to node j in the digraph; HU = 0 if there is no edge directed from node i to node j.
It can be shown [1] that the number of connections in a digraph is equal to the permanent of its adjacency matrix. The permanent of a square matrix is defined in precisely the same fashion as its determinant except that all the terms are taken with a positive sign.
Consider the digraph of Fig. 1 in the main paper without the source node and all its outgoing edges. The adjacency matrix of this digraph is given by: It is easy to check that the permanent of this matrix is 4. Accordingly, there are exactly four connections in the above digraph.
In Appendix A, recall that the equations governing the control structure of pathway (A) of the main paper were written in a matrix form. The adjacency matrix H, given by eqn. (Bi) [y] (Jb) As usual, the various fluxes are written in parentheses and the intrinsic sensitivities of the enzymes are given in square brackets. A directed graph of the control structure of this pathway can be constructed in the following manner. First, we ignore the segment of the upper branch containing the enzyme E4 and the effector I, i.e. consider the simple branched pathway (B) analysed in the main paper. A directed graph for this simplified pathway is r drawn. Next we introduce a node I, designating the relative variation in concentration of the effector I. In order to connect this node to the remaining nodes, we treat the effector I as part of a linear pathway transmitting the flux J., and containing the enzymes E2 and E4. Accordingly, as done in Fig. 1 of the main paper, an edge with weight -1 is directed from the flux-node J. tro node I, an edge with weight a is directed from node I to node J., and a self-loop carrying the weight e is drawn around node I.
Finally, a directed edge of weight E4 is drawn from the source node * to node L The complete digraph is shown in Fig. Cl . Presence of additional enzymes in the upper branch can be incorporated into this digraph in a similar fashion by considering them and the adjoining effectors as part of a linear pathway transmitting the flux J.. An analogous procedure can be used when there are two or more enzymes in the lower branch in addition to those in the upper branch.
